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During the period between February 16 and April 11, 1973, three passes of simul-
taneous two-way and three-way doppler from Pioneers 10 and 11 were obtained
from DSSs 11, 12, and 14 at the Goldstone complex. The residuals of the differenced
doppler (quasi-very long baseline interferometry—QVLBI) which are free from
process noises and effects of transmission media provide a good way to check the
stabilities of the tracking system using new rubidium standards (HP 5065) for two-
station tracking demonstrations.

Results indicate that the short-term (minute) and medium-term (hour) stabilities
agree with expected values (specifications) of about 7 and 3 parts in 103, respec-
tively. The long-term (month) stability, which is computed from the last two passes
of data, exceeds the limited level (Af/f < 10-2) required for two-station track-
ing demonstrations. There are not enough data for a conclusive statement about
whether the current system is capable of supporting two-station tracking demon-

strations. Further investigation with more data is proposed.

I. Introduction

The new HP5065 rubidium standards which are now in
operation at each tracking station have a claimed stability
of Af/f =7 X 10 at a 60-s sample rate (Ref. 1). The
adequacy of the frequency system using the new stan-
dards for QVLBI techniques has not been verified. Simu-
lation studies of MVM’73 and Pioneer 10 indicate that
frequency offsets between station frequency systems seri-
ously degrade the potential accuracy of QVLBI doppler
data. The desired level of long-term frequency drift is
Af/f = 2 X 107 (10-30 days) in order to keep the station
location errors below the meter level. In Refs. 2 and 3,
methods were developed for estimating the frequency off-
set within required accuracy in the orbit determination
(OD) program. Then the tolerance for the long-term offset
between frequency systems may be increased to Af/f =
10-*2. However, these methods assume that the frequency
offsets stay constant or vary slowly and linearly with time.
To determine whether the systems with the new stan-
dard (HP 5065) satisfy these assumptions, a short baseline
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QVLBI demonstration based on real tracking data from
Pioneers 10 and 11 was initiated.

When the simultaneous two-way and three-way data
from two stations are differenced, geocentric range rate,
together with errors related to the spacecraft process noise
(gas leaks, solar pressure), is mostly canceled. Because of
the short baseline, the differenced data become very insen-
sitive to transmission media effects, the spacecraft position
uncertainty, and errors in the baseline vector. Thus, the
residuals of the differenced doppler provide a good way
to check the stabilities of the new rubidium standards
(HP 5065) in particular, and the entire doppler tracking
system in general.

Between February 16 and April 11, 1973, three passes
of simultanecus two-way and three-way doppler were
obtained from DSSs 11, 12, and 14 at the Goldstone com-
plex. The aim of this demonstration is to analyze these
three passes of QVLBI data and to determine the level of
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stabilities of the frequency system in supporting two-
station tracking demonstrations.

Il. Background

As shown in Fig. 1, station 1 and station 2 are receiv-
ing two-way and three-way doppler, respectively. From
Ref. 4, the two observables can be expressed as

p=cfne(i- ) s ne-re] o

p=cfne(1-B) < ne-rw] @

where
f, (1) = reference frequency at station 1 at time ¢
fr/fr = received frequency/transmitted frequency at
station 1
240
C,= QGE

+of% = received frequency and reference frequency at
station 2

The QVLBI doppler data are the differenced two-way
and three-way doppler as

or=clne () sp e -] o

The above equation indicates that QVLBI doppler is sen-
sitive to the bias between two station frequency standards.
If we ignore terms higher than 1/C?, the above equation

can be given in Hamilton and Melbourne’s form (Refs. 5
and 6):

fo—f: = K(pr — p2) +f; (8) = fy (ta)
= a -+ bsinot + ccoset + n(t)

where

a = constant part of the error in measuring f (t)
— fq(t.) over one pass

b= -;:— Aaty COS 8

c= % 7, cOS §
A = wavelength (A = 13 cm at S-band)
r, = baseline projection length

Ae = longitude error

n (t) = data noise

48

A regression is performed on Eq. (4), and the informa-
tion content of the differenced doppler is expressed in
terms of the ability to determine the three coefficients a, b,
and ¢. Quoting Hamilton and Melbourne, Table 1 gives
the precision of these estimates for a 4-hour pass of
QVLBI doppler with a 1-min sample rate and ¢; =
0.4 mm/s (0.003 Hz).

From Table 1, the precision of the parameter ¢, which
contains r, and cos 8, has been increased by almost 40
times if the constant frequency offset @ is known perfectly.
This strongly suggests that a careful examination of the
stability of the reference frequency system at the two par-
ticipating stations should be made before doing QVLBI
demonstrations.

There are several ways to examine the stabilities be-
tween two frequency systems. The most reliable method
is to analyze the short baseline QVLBI doppler residuals
which contain the information of the overall stabilities of
the entire tracking system. After the differencing of simul-
taneous two-way and three-way doppler from two closely
located stations, most of the process noises and transmis-
sion media effects should be canceled. The residual of dif-
erenced doppler for a single pass can be written as

A(fs — f2) = Aa + Absinot + Accosot +n(t)  (5)

where Aa is the frequency offset, Ab and Ac are the errors
due to uncertainties of baseline projection length Ary,
baseline longitude Ae, and spacecraft position Ae, AS:

w [0}
Ab = (I 3 COS 8) Aa + (X Aacos § ) Ary

+ <l—; 7, Aa sin 8) A (6)

0] 0%
AC = (— Ccos 8) Ary ('— sin 3) Ad
X A

For reasonable values of Ae, Ary, A8, we found that
Ab = 04X 107 Hz
Ac =~ 0.2 X 10 Hz

both of which are much smaller than the noise level of the
frequency systems.
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Thus, the residuals of differenced doppler from two
close stations reveal the stabilities of the frequency
system.

A criterion for the required long-term stability of the
frequency system is established based on simulation
studies of long baseline QVLBI doppler. The results of
these simulations, which include Pioneer 10 and MVM’73,
indicate the desired performance of the station frequency
system (standard) for required accuracies of estimated
spacecraft position and station location parameters
(Fig. 2). To meet the meter level precision in station loca-
tion, the long-term stability of the frequency standard
must be within 2 parts in 10", If the drift between two fre-
quency standards is constant or slowly varying, it may be
estimated in the orbit determination program. Then the
tolerance for the frequency stability may be increased
to one part in 10" with the help of the closed-loop
three-station tracking (Ref. 7). Because a large portion of
QVLBI data is at low elevations, refraction effects due
to the atmosphere become important. The estimated
effect from the uncalibrated atmospheric refraction is also
shown in Fig. 2.

I1l. Data Acquisition and Processing

Three passes of simultaneous two-way (F2) and three-
way (F3) doppler data at S-band were obtained from
Pioneers 10 and 11 through the stations in the Goldstone
complex. The first pass, which was made on February 186,
1973, had 6-h continuous F2 and F3 data at a 1-min sample
rate. The two participating stations were DSS 11 and 12.
A handover of transmitting station took place in the mid-
dle of the pass as requested. The second pass was on
March 26, 1973; the two stations were DSS 12 and 14.
Only 3 h of data with 1-min count time were taken, and
there was no handover of transmitting station. Both the
first and second passes of the simultaneous two-way and
three-way doppler were obtained from Pioneer 10. The
third pass was obtained from Pioneer 11 on April 11, 1973,
through the same two stations as the second pass, with
about 6 h of 1-min data. A data summary of these three
passes is listed in Table 2. The three passes were processed
by the current orbit determination program (Ref. 4), and
then the two-way and three-way data were differenced
by a special program (DIFFER) (Ref. 8). The output of
DIFFER, which consists of the residuals (observed —
computed) of differenced two-way and three-way doppler
data containing the information of frequency stabilities,
will be discussed next.

The station standards were measured independently
against a reference clock by microwave technique for
later comparison.
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IV. Results and Discussion

We have shown in Section II that the short bascline
QVLBI data are insensitive to both spacecraft position
and baseline vector. The completeness of the cancellation
of transmission media effects needs to be checked before
the results are discussed. For elevation angles higher than
15 deg, the error induced in QVLBI doppler due to an
equivalent zenith range error caused by the horizontal
gradient and inhomogeneities in the atmosphere (tropo-
sphere and ionosphere) can be approximated by the sim-
ple relation

. €p.COSY

Ap =~ Y <7>

sin? Y

where

€p. = difference in zenith range corrections between
two close stations

v, v = elevation angle and angle rate (nearly the same
at both stations)

For a 16-km baseline (DSSs 12-14), at the same in-
stant, the difference in zenith range effects due to tropo-
sphere and ionosphere should be no greater than a few
centimeters. This gives an error less than 0.1 mHz (Ap =
10-* Hz). The estimated error is about the same order of
magnitude for space plasma, except when it is very active
(Ref. 9). Thus, the residuals of QVLBI data are relatively
free from effects of transmission media. According to the
results of a short baseline VLBI demonstration (Ref. 10)
using the same baseline (DSSs 12-14), 0.1- to 0.2-mHz
noises in the data residuals are believed to be due to trans-

mission media. This agrees with the estimated value from
Eq. (6).

Data from the first pass were taken on February 16,
1973, at DSS 11 and DSS 12. The two-way and three-way
doppler residuals may be due to a series of unmodeled
accelerations 3 X 10-°km/s* in magnitude. This type of
noise, which was also found in the MM’71 doppler data,
is too large to be due to the solar plasma effect and gas
leaks (Pioncer 10 is a spinning spacccraft). Tt might be
caused by impacts with small metcorites. Nevertheless, it
gives us an additional opportunity to demonstrate the
advantage of differenced data types. Figure 3 clearly indi-
cates that the process noise and effects due to transmis-
sion have been taken out after the differencing of F2 and
F3 data. The statistics of the residuals over this 6-h pass
are listed in Table 3. The residuals of F3 — F2 have mean
values of —0.0436 Hz in the first 3 h and 0.0423 Hz in the
second 3 h of the pass after the handover of transmitting
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stations. From Eq. (3), this change of sign strongly indi-
cates that a frequency offset existed between the two-
station frequency system. The standard deviation of the
residuals of F3 — F2 from the mean is 0.0027 Hz, which is
consistent with the stability of the new rubidium stan-
dards, Af/f =~ 102 (Ref. 1).

The second pass, on March 26, was acquired from a
different pair of tracking stations (DSSs 12 and 14). As
indicated in Fig. 4, this pass of data exhibited low process
noise. The data noise of the differenced doppler did not
show much improvement over that of the F2 and F3 data
(Table 4). A bias of —0.0079 Hz exists in the F3 — F2
data, with a smaller deviation, ¢ = 0.0018 Hz.

The third pass was obtained from Pioneer 11 on April 11
at DSSs 12 and 14. During this pass, the spacecraft was
executing a midcourse correction of 38 m/s in velocity
change, consisting of one long continuous burn and sev-
eral small jet pulses. The two-way and three-way doppler
data were received 10 to 20 s out of synchronization dur-
ing half of the 6-h pass. The estimated error in QVLBI
doppler data induced by this and the 38-m/s change in
velocity is around 0.015 Hz. The midcourse correction
and the out-of-synchronization receiving time provide an
explanation for the much noisier F2, ¥3, and F3 — F2
residuals compared to those of the preceding two passes.

Table 5 shows a bias of —0.0189 in F3 — F2 residuals
with a large deviation (¢ = 0.0079 Hz). The noise can be
seen in the scattering of two-way, three-way, and differ-
enced doppler data presented in Fig. 5. No handover of
transmitting stations took place.

To check the medium-term drift in frequency, a straight
line was fitted to the F3 — F2 residuals of each of the
three passes. The values of the constant offsets and slopes
are shown in Table 6. Because of the short data length
(3 to 6 h), the time ¢ = 0 is picked up at the midpoint of
each pass to minimize the correlation between the con-
stant and the slope of a straight line. The constant terms
or the means of the offset can be determined with uncer-
tainties from 0.13 to 0.5 mHz. The slope of the first pass
is the largest, with 0.47 +0.28 mHz/h. For the last two
passes, the values are smaller than their uncertainties (see
Table 6). The long-term drift can be seen from the means
of the last two passes, which were obtained from the same
two stations. A change of 11.2 =0.63 mHz in 16 days is
found; this corresponds to a slope of 0.7 +0.04 mHz/day.!

IThere was no reset of frequency standards during this interval.
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When we compared the short-term (minutes) stabilities
obtained from this demonstration with the specifications
of frequency standards, we found that the expected value
of HP 5065 rubidium is about 1.4 times smaller than our
results from differenced doppler data (Fig. 6). The dis-
crepancy can be explained by the fact that the QVLBI
residuals contain the noise from two rubidium standards.
The medium-term (hours) stabilities estimated from the
values of the slopes of fitted straight lines agree with the
results of a similar short baseline VLBI demonstration
(Ref. 10). The results of QVLBI data provided some new
information on the long-term (days) performance of one
frequency system relative to another. Figure 6 shows the
long-term relative stability to be around 5 parts in 102,
which apparently exceeds the desired level for orbit deter-
mination as shown in Fig. 2.

During the first two passes, microwave measurements
were made (Ref. 11). The values of the relative frequency
offsets between two station standards are:

(1) First pass, 3-h interval: f;,
Hz.

— f1 = —0.036 ==0.02

(2) Second pass, 10-h interval: f,,
+0.01 Hz.

— f5. = —0.015

The relative frequency offsets measured by microwave
agree with the values determined from differenced dop-
pler data even though the microwave measurements have
a large uncertainty.

V. Concluding Remarks and Proposed Studies

The results from differencing three passes of simulta-
neous two-way and three-way doppler data show that the
short-term (1-min averaging time) relative stability be-
tween two tracking systems using HP 5065 frequency
standards is around 1 part in 10", The medium-term
(hours) and long-term (days) stabilities are about 3 parts
in 10** and 5 parts in 102, respectively. The long-term
stability, which is based on only two passes of data, ex-
ceeds the desired level for two-station tracking demon-
strations. In order to enhance our understanding of the
long-term performance of the frequency systems and their
stabilities, excluding the frequency standards (HP 5065),
more passes of short baseline QVLBI data are needed. The
required tracking patterns for continued short baseline
QVLBI doppler demonstrations are proposed in Table 7.
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Table 2. Tracking data summary

Simultaneous
doppler data
Partici- dist.ribution
Table 1. Precision of coefficient estimates, Pass Date pating (l'r?;?es)a?:ple Spacecraft
op = 0.4 mm/s, 1-min samples DSSs ’
Two- Three-
" way way
g)?gﬁ?etgi oa/w, M {va, mHz) op/w, m oe/w, M T 3 3
1 . 197 i
a,b,c 6.8 (3.4) 12 7.6 Feb. 16,1973 12 3 3 Pioneer 10
—_ 1.2 .
b,c 0.2 7 3
2 Mar. 26, 1973 Pioneer 10
14 3
12 6
3 Apr. 11,1973 Pioneer 11
14 6
Table 3. Statistics of residuals (February 16, 1973)
Mean, Hz o, Hz rms Number of data points
DSS 11 DSS 12 DSS 11 DSS 12 DSS 11 DSS 12 DSS 11 DSS 12
F2 —0.0828 —0.0773 0.00605 0.0070 0.0829 0.0776 219 121
F3 —0.1210 —0.0405 0.0071 0.0059 0.1212 0.0409 121 221
F3 — F2 -0.0436 —0.0423 0.0027 0.0027 0.0437 0.0424 119 217
Table 4. Statistics of residuals (March 26, 1973)" Table 5. Statistics of residuals (April 11, 1973)
Number of Number of
Mean, Hz s, Hz ms data points Mean, Hz o, Hz rms data points
2 0.01079 000214  0.01099 231 2 1.003 0.029 1.0035 319
DSS 12 : : ’ ) DSS 12 ’ ’ ’
3 000273 000226  0.00355 187 F3 0.985 0.030 0.9855 333
DSS 14 ' ’ ' DSS 14 ’ : ’
F3 — F2 —0.00786 0.00184 0.00807 184 F3 — F2 —0.0189 0.0079 0.0204 313
Table 6. A straight line» fitted to F3 — F2 residuals
Pass Date a, mHz b, mHz/h
1 February 16, 1973 —42.26 +0.18 0.467 +0.276
2 March 26, 1973 —7.85 £0.13 —0.097 =0.125
3 April 11, 1973 —19.03 £0.50 —0.055 +0.320

"A(F3 — F2) = a + bt
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Table 7. Accomplished and proposed short baseline QVLBI demonstrations

Accomplished demonstration

Proposed demonstration

Data length

Three passes in 52 days, with
3-6 h data in each pass. (Only two
passes can provide long-term

stability.)

Ten passes in 30 days (evenly distributed), with 6 to 10 h of data
in each pass. (This will give a clear picture of the long-term
performance.)

Participating stations

DSSs 11,12, and 14.

DSSs 12 and 14 (entire frequency system). DSSs 42 and 43.
(Because they use a common frequency standard, the differenced
data will show the stabilities of other parts of the system.)

Frequency standards

HP 5065A.

HP 5065A. (No reset should take place during the period of
tracking.)

Simultaneous two-way and
three-way

10 and 20 s off synchronization
during the last pass.

Maintain synchronization of time tag throughout the tracking
period.

Independent measurement

Microwave measurements were
made for the first two passes.

Continuous microwave measurement.

Spacecraft

Pioneers 10 and 11, with one pass
during midcourse maneuver.

Pioneer 10 only, with no midcourse maneuver during the
tracking period.
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SPACECRAFT

TWO-WAY UPLINK

TWO-WAY DOWNLINK

STATION 1

THREE-WAY DOWNLINK

STATION 2

Fig. 1. Geometry of two-way and three-way doppler tracking
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Fig. 2. Estimated effect of frequency offset on relative
station location r, uncertainties

JPL TECHNICAL REPORT 32-1526, VOL. XVIII



AF2, Hz

AF3, Hz

A3 - F2), Hz

-0.10
~0.08

-0.06

-0.14

-0.12

-0.10

-0.06
-0.04

-0.02

Fig.

N 0.02
T T T T T T
- — > (X34 eg00 ) L]
. % . * e o E 0ff 0% 000000 000000 o070 0000000 ¢ T
| ©g.® * (4 —
L) o o0 O . \d L) . o
o ° . o o® <
* S0 % o'... o % % e -0.02 | L
1 1 { N 0.04
£ 0 ]
-
T T T 1 T : o.oof .
I~ . . . o - 00 00000,00 00000004, 0000 0,0,
%% 0o ¢ % es %, o..: LU o 9%, '.i o
LAY 0 . *% ]
L3 Y * i I
-]
1 ! ! 1 ;
-0.
I I 1 I T £ 0.0 o .
L = G TU0IB® 0e00,000e0000% %, 00°0%0% 0 %000 o
o ok
(J
9490" 099%50% oo00 0 0%, Pe%g¢ %"‘.’Mo‘o‘.’o‘oow‘o‘..‘c.—' El 0.011
5 0.02
c ! l t | < L L ]
15:50  16:00 16:10 16:20 16:30 16:40  16:50 16:20 16:30 16:40 16:50 17:00
GMT (h: min) GMT (h: min)
3. Residuals of two-way, three-way, and differenced Fig. 4. Residuals of two-way, three-way, and differenced
doppler on February 16, 1973 (DSSs 11, 12) doppler on March 26, 1973 (DSSs 12, 14)
T T T T T T LA
° L ]
1.04 LA 'Y o0 -
. e® P
£ 1.02 . . 4 ] o® -
N . i ** . oo
° o ®
o 1.00 - . e o o . 4
< . [] b4 ° o ©®
0.98 o Se ° . ° o . .
°. °*. oo © ) *
0.96L0® | L® I I L % mee
1.04 T T T T T T T
1,024+ L4 e *° o ° o, °*. B
° L 4 )
N 1.00F e ° . o *° _
I L]
° ° ° . [ ® °
e 0.981 . . h
b hd . °
< 0.96 ¢ ® o o © o. oo |
.. ° ° ° * * .
0.94Le @ L4 (X cee -
0.92 ! i 1 1 ! ! |
£ o0.04 T T T 1 b e e T
- LI L L] L Y °
& 0.02 %, o”'.o.‘o ¢ %o, "% 0 00, o O o o0e%® c~:‘
»
~  OF . _
e
3 | i ! | ) | |
13:40  13:50  14:00 14:10 14:20 14:30  14:40 14:50
GMT th: min)

Fig. 5. Residuals of two-way, three-way, and differenced
doppler on April 11, 1973 (DSSs 12, 14)
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Fig. 6. Short baseline QVLBI demonstration—frequency system

JPL TECHNICAL REPORT 32-1526, VOL. XViIl



